Abstract-The influence of the temperature on the behavior of the step-induced magnetic anisotropy of the permalloy film is studied. The characteristic hysteresis loop, composed of the linear part and two smaller loops, is varied systematically with increasing temperature, toward a simple loop typical for easy axis. The temperature dependent anisotropy constants, calculated from the magnetic hysteresis loops, can be described by the ( + 1) 2 power law of the phenomenological model. The mechanism underlay may be associated with the completion of the energy of uniaxial anisotropy and cubic anisotropy for the magnetic reversal at the step edges and the terraces.
I. INTRODUCTION
T HE MAGNETIC properties of ferromagnetic thin films grown on surfaces with reduced symmetry are of technological and scientific interest. The surface discontinuities affect the magnetic anisotropy of the magnetic thin films [1] ; the quasi-periodic sequence of atomic steps on the vicinal surface break the fourfold in-plane symmetry and induces in-plane uniaxial magnetic anisotropy [2] , [3] . Several research results have shown that magnetic films expitaxially grown on vicinal nonmagnetic surface produce drastically altered magnetic anisotropy, for example on Co-Cu(100) [2] , [4] and Fe-Ag(001) [5] , [6] . In these studies, bulk metal singles crystal, miscut at small angle against a low indexed surface, were used as substrates. Alternatively, we have recently shown that [7] , with molecular beam epitaxy growth, the Mo stepped surface can be formed by coherent tilt on hcp sapphire substrate. The magnetization curves of the permalloy thin film, deposited on the Mo stepped surface, exhibit distinctive features as the magnetic field was applied either parallel or perpendicular to the step edges. For field applying parallel to the step edges, the magnetic hysteresis shows a rectangular loop typical of the easy magnetization. Whereas the field applying perpendicular to the step edges, the hysteresis loop displays a complicated feature composed of two split squares. From the magnetization curve, the effective fourfold and uniaxial anisotropy constants can be determined.
This report presents the systematical study on the effect of temperature on the behavior of the step-induced magnetic anisotropy of the permalloy film. The temperature dependent anisotropy constants are further analyzed, being based on the power law of the phenomenological model [8] , to depict the mechanism underlying for the step-induced anisotropy in the film.
II. EXPERIMENTS
The thin-film deposition was carried out in a molecular-beam-epitaxy (MBE) system with a base pressure of about 2 10 torr and a growth pressure below 3 10 torr. First, the Mo seeding layers, in a thickness of 100 , were grown on epitaxial-grade sapphire substrate. At growth temperature 900 C, the crystallographic steps of the Mo (001) layer were formed by coherent tilt on sapphire (1-102) substrate. In sequence, the permalloy ( Ni Fe ) films were grown on the Mo(001) stepped surface at the same conditions. The surface structure and morphology of the Mo as well as permalloy films have been characterized by reflection high-energy electron diffraction (RHEED) and X-ray diffraction (XRD) using synchrotron radiation light source. From XRD analysis, the Mo(001) plane tilts by an angle 2. 5 4 from the axis bcc [1] - [10] . With the known value of Mo in-plane lattice constant and the value of the tilt angle measured from XRD, the average terrace size and the step height is estimated to be around 3 nm and 0.187 nm. The vibration sample magnetometer (LakeShore VSM Model 7307), with temperature controller, was applied to characterize the magnetic reversal properties of permalloy films. A self-made miniature sample holder with a function of azimuthal rotation was mounted to the end of VSM sample holder, to viable rotation of the film with respect to the direction of applied magnetic field. From our previous study [7] , it has been characterized that the magnetic easy axis is parallel to the step edges of the film. Fig. 1 shows the magnetic hysteresis loops measured at various temperatures , of the Ni Fe -Mo(001) sample with Ni Fe layer thickness of 100 . The hysteresis loop was obtained with the magnetic field applied perpendicular to the step edge direction. As shown in Fig. 1(a) dependence in weak fields and, two smaller loops in the magnetic switching. Similar feature of hysteresis split-loop has been found in Co layer deposited on stepped Cu(100) substrates [4] and Fe film on stepped Ag(001) substrates [5] , etc. Theoretical interpretation [9] has been proposed for the magnetic reversal on vicinal surfaces, using a model with a fourfold anisotropy at all terraces and a strong twofold anisotropy localized at step edges. The linear part in weak fields is supposed to be associated with coherent spin rotation of a Stoner-Wohlfarth behavior [9] . In addition, the two smaller square loops along hysteresis are related to the present of step edges. Our study on the angular dependent coercivity [7] has shown that the superposition of fourfold and uniaxial anisotropy in present studied system is the same as in Co-Cu [4] and Fe-Si(111) [10] , i.e., that an easy fourfold axis coincides with the easy twofold axis. We have carried out measurements of the magnetic reversal of the film by systematically increasing temperatures. Fig. 1(b) and (c) shows the hysteresis loops measured at 333 K and 373 K, respectively. The behavior of hysteresis loops are similar to that at 293 K, being composed of the linear part and two smaller loops. However, with a close inspection of the linear part in weak fields region, one can find that the slope of the linear part is increased with increasing . When is further increased, the slope of the linear part is gradually increased and the two smaller loops become smaller. As is further increased up to 469 K [see Fig. 1(d) ], the two small loops vanish, to form a simple slope with overlapping lines. While is increased further, these overlapping lines evolve into two nonintersecting loops. As revealed in Fig. 1(e) , hysteresis loops, at 473 K, are composed of two nonoverlapping magnetic reversals. As keeps on raising, the nonoverlapping magnetic reversal loops gradually turn out to be a simple loop, toward a rectangular typical for easy axis, [ Fig. 1(g) and (h) ].
III. RESULTS AND DISCUSSION
This specific behavior of the magnetic reversal against temperatures is related with the behavior of anisotropy constants. Thus, to evaluate the effective anisotropy constants in the film may be approve for understanding of the magnetic reversal mechanism. The effective anisotropy constants of the uniaxial and the fourfold anisotropies can be analyzed from the hard axis hysteresis loop using the following expression [11] , [12] : (1) where and are the cubic anisotropy constant and the uniaxial anisotropy constant, respectively.
can be determined according to (2) where is an average of shifted field in two loops. By taking 467.9 emu/cm , the value of 2058.6 erg/cm and 622.9 erg/cm are obtained for the Ni Fe 100 film on stepped surface of Mo(001) at 293 K. For a comparison, the value of cubic anisotropy constant for bulk Ni Fe is around 2000 erg/ cm , as reported in the literature [13] .
We have further calculated, with (1) and (2), the anisotropy constant of and from the experimental data of hysteresis at each temperatures. The values obtained for the anisotropy constant of and as a function of temperature are shown in Fig. 2 . Both and tend to decrease monotonically as the temperature increases. Since temperature behavior of the anisotropy constant is also associated with the state of magnetization, we have measured the temperature variation of saturation magnetization . Fig. 3 displays the of the Ni Fe film on stepped surface of Mo. As revealed by inset of Fig. 3 , the shows a linearity with . It indicates that the follows the Bloch's relation, i.e., 0 1 where the coefficient is material dependent. By extrapolating from the linearity of , the ground state value of 0 543.6 (emu/cm ). The most common formalism to investigate the temperature dependence of the anisotropy constant is based on the 1 2 power law expression, for [8] (
In case of 2, uniaxial anisotropy constant is derived to be 0 0 . By substituting the Bloch relation for into (3), then The dash line is the theoretical fitting result. The inset is the calculated curve from theoretical fitting result with extended temperature region. In case of 4, expression for cubic anisotropy constant is obtained as (5) With (4) and (5), we have further analyzed the temperature dependence of and which calculated from experimental data of hysteresis by (1) and (2) . As shown in Fig. 3 , the theoretical expression can fit well with the and data and implies the validity of the 1 power law expression to describe the behavior of and behavior. Analyzed by (4) and (5), the ground state value of and are obtained and 3124.7 erg/cm and 2365.7 erg/cm . Moreover, we notice that, at 293 K 469 K, the change of anisotropy constants to the temperature have demonstrated with a relation of 1 1 . It indicates that, under same thermal energy, the ratio of variation of is larger than that of . As has been point out [7] , [9] , the linear part is to be associated with coherent spin rotation at the terraces of step surface and the two loops are related with step edges. The evolution of the magnetic reversal against temperatures is to be associated with the completion of the energy of cubic anisotropy and uniaxial anisotropy for magnetic reversal at the step edges and the terraces. The thermal assisted depinning energy of the magnetic moments from the step edges apparently cost more energy than that the from the terraces.
IV. CONCLUSION
The characteristic hysteresis loop, for the Ni Fe 100 film on stepped surface of Mo(001) measured at varying temperature, is composing of the linear part and two smaller loops, which may associated with the completion of the energy of cubic anisotropy and uniaxial anisotropy for magnetic reversal at the step edges and the terraces. Experimental research below room temperature may be needed to clarify to what extend of the validity for the power law of the phenomenological model to describe the temperature dependent anisotropy constants in the film.
